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ARTICLE INFO ABSTRACT

Keywords: A continuous compact membrane bioreactor consisted of ceramic-supported graphene oxide membrane (CSGoM)

Graphene oxide was implemented for the first time for anaerobic biodecolorization of monoazo Acid Orange 7 (AQO7), diazo

Tem:rane Reactive Black 5 (RB5), and triazo Direct Blue 71 (DB71) solutions, showing excellent decolorization potential.
zo dye

The membrane was prepared by vacuum filtration of various graphene oxide solutions using a UF ceramic flat
element. The decolorization efficiency of the CSGoM bioreactor, made from 1 mg-mL™} of GO solution (B-
CSGoM-1), was investigated for several structurally distinct azo dyes, initial feed concentrations, and permeate
fluxes. Maximum color removal was achieved under low feed concentration (50 mg'L’l) and permeate flux (0.05
Lm 2h™, reaching 99% for AO7, 96% RB5, and 92% for DB71. At this low permeate flux, the bio-
decolorization was stable for all azo dye solutions irrespective of the feed concentration. In a subsequent
experiment under higher feed concentration and permeate flux (100 mg-L™! and 0.10 L-m~2h™}), the decol-
orization slightly fell to 93%, 85%, and 81% for monoazo, diazo, and triazo solutions, respectively. The existence
of anaerobic bacteria (Geobacter and Pseudomonas guangdongensis) in the B-CSGoM-1 biofilm confirms that they
could perform efficient biodegradation of azo dye molecules in association with the graphene oxide membrane.

Anaerobic decolorization

1. Introduction

Global water pollution occurred in all sources, including canals,
lakes, rivers, oceans, and underground reservoirs. It usually happened
when unwanted substances, from either humankind or environment,
mix with water. Industrial effluents are the primary source of contami-
nant substances for water pollution. For instance, every year, 0.28
million tons of textile dyes are discharged in the aquatic environment as
industrial waste [1]. About half of the textile dyes belong to the azo dye
group, which is also extensively used in leather, medical, food, and
personal care products [2,3]. The disposal of this untreated dyestuff
poses a severe threat to the aquatic ecosystem as well as biodiversity [4].
It changes the natural appearance of the water becoming a dark, opaque,
and colored liquid hindering the photosynthesis process due to the
deficient transmission of sunlight in such water [5]. The dye effluents
and their decomposed products are mostly detrimental, even at a very
low concentration. This contaminated water, if used for drinking,
household, or agricultural purposes, may cause toxicity, mutagenicity,
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and carcinogenicity on the human body [6]. Therefore, efficient
wastewater treatment is highly required to maintain and control water
pollution in this situation.

Several methods for treating dye-containing wastewater have been
investigated, including physicochemical (adsorption, coagulation-
flocculation, filtration, ion exchange), biological, photocatalysis by UV
irradiation, advanced oxidation processes, and combined process [7,8].
Still, these treatment processes have faced some disadvantages,
including addition of enormous amounts of chemicals, installation and
operating costs, space requirements, secondary treatments, and poor
process efficiency [9,10]. On the other hand, membrane-based separa-
tion processes have attracted tremendous attention in the wastewater
treatment over the few decades due to its easy operation, low operating
cost and energy consumption, small carbon footprint, and environ-
mental suitability [11-13]. Besides, other eco-friendly, efficient dye
removal processes are those based on biological mechanisms. Among the
various biological methods, anaerobic treatments are very simple, less
expensive azo dye removal processes [14]. This also produces less
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potentially dangerous substances, which eliminates the need to treat
subsequently the biodegradable byproducts [7,15]. However, no single
process for removing azo dyes from textile effluent is efficiently and
economically viable yet [16]. Therefore, the advantages of both anaer-
obic pathway and membrane separation process can be coupled in a
single compact reactor as a successful technique for the intensified
biodecolorization of azo dye. The key for implementing effectively this
alternative is the selection of membrane precursors that can successfully
be coupled with the anaerobic process.

In this sense, nowadays, graphene oxide (GO) is considered a pro-
spective precursor for the synthesis of membranes because of its unique
two-dimensional structure that consisted of the functional polar
oxidized zone and pristine graphite zone [17]. The water molecules
accumulate inside the interlayers of the oxidized region, and the other
zone increases the liquid permeation [18]. Besides, the nanoporous GO
membrane imparts surface functionality, electrical conductivity, and
mechanical stability, making it possible to produce a low-cost mem-
brane for a large-scale operation such as wastewater treatment and
molecular separation [19]. Pure GO (single or multilayer graphene) and
GO composite (GO surface-modified, stacked graphene, graphene
mixed-matrix) membrane are reported to be fabricated by filtration-
assisted, casting, spin coating, and layer by layer assembly method
[20]. Vacuum-assisted filtration is most commonly used to obtain either
free-standing or supported GO membranes of all preparation techniques.
In recent years, GO and GO-composite membranes have demonstrated
the ability to retain azo dyes [17,21]. Still, it is under consideration to
further improve the GO membrane durability, longevity, and water
permeability without losing decolorization performance. So, it is
important to obtain a compact treatment process with stable, robust, and
high azo dye removal potential.

A nano-sized ceramic-supported carbon membrane (CSCM) was
synthesized in our earlier work [22]. This form of the membrane was
capable of decolorizing structurally different azo dyes. However, the
effectiveness of the decolorization was limited at higher permeate flux
and feed concentration, while it is an essential matter to attain the
maximum decolorization performance for practical application. Taking
this into account, this work is aimed at finding a robust and durable
compact anaerobic membrane bioreactor for a better biodecolorization
rate. The novelty of this study lies on the application of conductive
graphene oxide membrane in combination with the anaerobic biofilm
process for the successful removal of azo dye from dye-containing
wastewater. It is worth that anaerobic bacteria such as Geobacter and
Pseudomonas can perform extracellular electron transfer in an aqueous
solution. As a result of the use of microorganisms and GO membrane,
both the bacteria and the GO layer provide faster and more efficient
electron transfer the dye azo bond (—N—N—) breaking, thus enhancing
the decolorization performance under anaerobic conditions. Addition-
ally, the nano-sized ceramic-supported graphene oxide membrane
(CSGoM) acts as biofilm support and pollutant immobilizer to improve
the azo dye removal rate. The optimum concentration of the GO solution
for the preparation of CSGoM and its decolorization performance by
anaerobic biodegradation were examined. Ceramic-supported graphene
oxide membrane bioreactor (B-CSGoM) was first implemented for the
monoazo Acid Orange 7 (AO7) decolorization process. Afterward, var-
iations of critical parameters for B-CSGoM performance, for example,
azo dye with different structures, molecular weight and functional
groups, initial feed concentration, and permeate flux, were explored to
enhance and optimize the bioreduction of azo dyes. Finally, the biofilm
was examined to identify microbial species involved in this anaerobic
process in order to understand and, subsequently, improve the bio-
decolorization by means of CSGoM.
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2. Experimental
2.1. Fabrication of ceramic-supported GO Membrane

Vacuum-assisted deposition of the synthesized graphene oxide layer
over the ceramic support (ZrO,-TiO, ultrafiltration flat membrane;
diameter: 47 mm; thickness: 2.5 mm; molecular weight cut-off: 50
kg-mol~!; TAMI Industries, France) was used to prepare the CSGoM
membrane. Firstly, a modified Hummer method [23] was employed to
obtain the graphene oxide powder. A homogeneous mixture of 2.5 g of
graphite powder (<20 pm, Sigma-Aldrich, ref. 282863) and 2 g of
NaNOs (Honeywell Fluka™, ref. 15603430) was made in 70 mL of
H3SO4 (Honeywell Fluka™ 95-98%, ref. 32051) solution. The mixture
was then placed in an ice bath and mixed with 10 g of KMnO,4 (PanReac
AppliChem, ref. 141527), and followed by stirring overnight at 50 °C.
Thereafter, 10 g of KMnO4 and 70 mL of Milli-Q water (Millipore Milli-Q
system, Molsheim, France) were added and stirred for 24 h. The mixture
was transferred into a beaker containing 400 mL of ice water, and 3 mL
of Hy05 (Acros Organics, ref. 411,880,025) were added and kept stirred
at room temperature. The graphite oxide solution was purified by a 500
mL solution of 0.5 wt% H30, and 3 wt% H3SO4. The graphite oxide
pellet was centrifuged at 3000 rpm and the supernatant discarded. After
repeating it five times, the solid was exfoliated in water in a sonication
bath for 2 h to obtain graphene oxide. The GO pellets were dried for 48 h
at 60 °C and then grounded using mortar and pestle to obtain the GO
powder.

The schematic diagram of the synthesis of CSGoM is illustrated in
Fig. 1. The process begins with preparing different concentrations of
homogeneous GO solution (mg-mL ™) by dissolving the desired amount
of previously synthesized GO powder in deionized water, which was
sonicated by 45 min in an ultrasonic bath. Then, 5 mL of GO solution
was poured over the ceramic support placed inside the filtration cell
(INSIDE DisRAM holder, TAMI Industries, France). After 15 min of
vacuum filtration, a controllable graphene oxide layer was formed on
the ceramic support surface. The coating was settled by first drying at
80 °C for 24 h and then at 100 °C for 72 h. Following the above pro-
cedure, a total of four GO membranes were prepared using a variety of
precursor concentrations; these were denoted as CSGoM-0.5, CSGoM-1,
CSGoM-2, and CSGoM-4, respectively, for the membrane synthesized
with 0.5, 1, 2, and 4 mg~mL’1 of exfoliated GO solutions.

2.2. Experimental set-up for anaerobic biodegradation

Fig. 2 shows a scheme of the lab-scale B-CSGoM system used in this
study. The compact bioreactor was made of a filtration cell that held the
CSGoM membrane with 5 mL of retentate chamber. AO7 (ACROS Or-
ganics, ref. 416561000), diazo Reactive Black 5 (RB5) (Sigma-Aldrich,
ref. 306452), and triazo Direct Blue 71 (DB71) (Sigma-Aldrich, ref.
212407) were selected as model compounds to generate the artificial
wastewater. As co-substrate, Sodium Acetate (SA) (Sigma-Aldrich, ref.
110,191) was used as a carbon source and electron donor for microor-
ganisms and azo reduction. The dye and SA were dissolved in Milli-Q
water at a 1:3 mass ratio to make the synthetic feed solution. After
that, 1 mL of each basic medium (BM), used as a source of microor-
ganism nutrients, was added to the feed solution. There were six basal
media; BM 1 contained 0.155 mg-K1 MnSO4-H;0, 0.285 mg~L’1
CuS04-5H50, 0.46 mg-L_1 ZnS04-7 H70, 0.26 mg-L_l CoCly-6H20 and
0.285 mg-L™! (NH4)sM07024; BM 2 contained 21.75 mg-L™! KoHPOy,
33.40 mg-L*1 NayHPO4-2H,0, 8.50 rng~L’1 KH,POy4; BM 3 was 29.06
mg-L’1 FeCl3-6H0 solution; BM 4 was 13.48 mgAL’1 CaCl, solution; BM
5 was 15.2 mg-L’1 MgS04-7H50 solution; and BM 6 was 190.90 mg~L’1
NH4Cl solution. All the chemicals used in this BM were analytical grade
chemicals (Sigma-Aldrich), and the solutions of these chemicals were
made by dissolution in Milli-Q water.

The feed solution was kept at 1 °C to prevent microbial growth in the
feed stream that ensured a stable sodium acetate concentration. The
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Fig. 1. Fabrication process of the ceramic-supported GO Membrane (CSGoM).
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Fig. 2. CSGoM bioreactor experimental set-up.

reactor was sealed tightly after 5 mL of secondary anaerobic sludge
(municipal WWTP Reus, Spain) was placed over the CSGoM. Continuous
sparging of nitrogen through the feed solution (Purity > 99.99%, Linde)
helped to maintain the negative redox potential, needed to favor dye
decolorization rate [24]; this resulted in the obtained anaerobic condi-
tions throughout the system. Moreover, nitrogen pressure fixed the
operation of TMP, thus controlling the permeate flux. The compact
bioreactor was run under dead-end filtration mode at a temperature of
37 £1 °Cto boost the efficiency of microbial strains that were capable of
decoloring azo dyes [25,26].

2.3. Ceramic-supported graphene oxide membrane characterization

The morphology, thickness, and elemental composition of graphene
oxide membranes were characterized by the Field Emission Scanning
Electron Microscope with Focused Ion Beam (FESEM-FIB, Scios 2 Dual
Beam, Thermo Scientific, USA). Atomic Force Microscopy (AFM, Mo-
lecular Imaging Pico Plus 2500, Bid Service, USA) was used to examine
the membrane surface and conductivity.

Raman scattering measurements to characterize the carbon product
were carried out at room temperature with a Renishaw inVia Raman
Confocal Microscope System w/Leica DM 2500 M at 633 nm. Further-
more, to confirm the phase purity and crystallinity of the CSGoM
membrane, a Siemens D5000 diffractometer, Bragg-Brentano parafo-
cusing geometry, and vertical -0 goniometer under the CuK, wave-
length of 1.54056 A at 40 kV and 30 mA, was used for X-ray Diffraction
(XRD). The data was obtained using a sample rotation (0.05° angular
step at 3 s per step) and analyzed with the aid of diffrac-plus software.

The filtration performance of CSGoM was inspected using Egs. (1)
and (2) as straightforward method to determine the flux and hydraulic
resistance.

Vaccum filtration CSGoM
| PX
\ 4
r -o- - Em . ‘
g 37°C I
[ 1
[ 1
1 1
1 1
1 —>
1 1 —A
CSGoM .
'_ _Blorsac_toL 5 Balance
Vi
I=Th @
AP 1
Hy = T (2)

where J is the permeate flux (L-m’z-h’l), V the volume of permeate (L)
collected in a given time, t the filtration time (h), A the membrane area
(mz), Hpy, is the resistance (m’l), AP is the transmembrane pressure
(bar), and u is the viscosity (Pa-s) of the permeate corrected to experi-
mental temperature.

Dye removal was evaluated by measuring the dye concentration
using a UV/VIS4000n Spectrophotometer (DINKO Instruments, Spain)
at the corresponding maximum absorbance wavelength at 484 nm for
AO7, 597 nm for RB5, and 585 nm for DB71. The decolorization per-
centage (D) was calculated using Eq. (3).

A A

D (%) x 100 3

o

where A, and A are the absorbance of feed and treated samples for each
biodegradation test, respectively.

2.4. Microbial analysis

The microbial diversity of the biofilm evolved during the anaerobic
bioreduction of dye was examined using DNA isolation kits (Norgen
Biotek Corporation, ref. 64000). In this extraction technique, the bio-
samples were collected from the membrane surface and its DNA
extracted [27]; 500 ng of extracted DNA were used for library prepa-
ration to apply DNA Illumina sequencing employing [llumina DNA Prep
kit (Illumina, Inc.). All libraries were evaluated with the TapeStation
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High Sensitivity DNA kit (Agilent Technologies) and quantified with
Qubit (Invitrogen Corporation). The filtered reads were matched to
unique clade-specific marker genes using MetaPhlAn 3 to determine the
taxonomic profile. Relative abundances and alpha diversity measures
(Shannon and chaol indexes) were calculated using MetaPhlAn's rela-
tive proportions.

3. Result and discussion
3.1. Morphological structure of CSGoM

X-ray diffraction of the CSGoM-1 obtained by vacuum-assisted
method is presented in Fig. 3. The GO crystal plane (0 0 1) is clearly
visible at 20 = 11.5° with the interlayer spacing of 0.76 nm that is larger
than graphite atomic spacing, 0.33 nm [28]. This suggests that the ox-
ygen functional group attached to the edge of each layer raises the
spacing between the layers, which aids GO exfoliation in the aqueous
medium [29]. There are no graphitic contaminants in the CSGoM-1,
which is confirmed by the lack of peaks at 260 = 26° [30]. The peaks
at 20 = 30, 35, 50 and 59° are due to the presence of tetragonal ZrO,
[31], whereas the peaks at 20 = 28, 43, 54 and 69° owns to rutile form of
TiO5 [32] in the ceramic support.

Raman spectra shown in Fig. 4 can provide additional evidence for
the presence of GO in the CSGoM-1. High intensity peaks in the Raman
spectra of CSGoM-1 indicate the expected conjugated and -car-
bon-carbon double bonds of graphene. In general, the D peak is caused
by sp° carbon atoms with a disordered or defective carbon structure,
while the G peak is originated from the vibration of the aromatic
structure of sp? hybrid carbon atoms. It also reflects the same charac-
teristics as XRD, whereas the tetragonal ZrO; is observed at 262 cm!
(Eg) [33] and for rutile TiO, peaks at 448 cm ™! (Eg) and 611 cm ™" (Azy)
[34]. The typical D and G bands for the CSGoM-1 are found at 1351
em~! and 1605 cm ™, respectively. The quotient Ip/Ig, the D and G
band's intensity ratio, is a common way to express the defect degree of
materials. It is found to be 1.02 for CSGoM-1, which is consistent with
reported values in the literature [35]. This ratio suggests that the GO
membrane is relatively stable and resistant to environment conditions.
Furthermore, the absence of a 2D band at 2700 cm ™! indicates that all
the graphite layers were essentially oxidized during the oxide formation
step [36].

The morphology of both CS and CSGoM-1 were examined by FESEM.
Fig. 5(a-b) demonstrates that both ceramic support and ceramic-
supported graphene oxide membranes are typical porous surfaces
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Fig. 3. XRD diffractogram of ceramic-supported graphene oxide membrane.

Journal of Water Process Engineering 45 (2022) 102499

25000 - -
= = =
&~ &~ 's 'g
200004 & &S = 5
= = = a8
< T T
b A -
i:>15000 : 3
.5 a2 o
S 10000+
= -
- 2
50004 N
0- u T L] L] L] L
0 500 1000 1500 2000 2500 3000

Raman shift (cm™)

Fig. 4. Raman spectra of ceramic-supported graphene oxide membrane.

[22,37]. Part of the of the graphene oxide deposited on the ceramic
support appears as an aggregate or was broken down into smaller par-
ticles that penetrated into the ceramic support to form a GO-ZrO,
composite [23]. It seems that, once the pores were shrinking or blocked,
the homogeneous GO layer was formed, over a first zone of the com-
posite GO-ZrO, and then over the original ZrO, section. Probably,
interaction on the membrane surface is mainly due to the attraction
between ZrO, oxygens and either or both hydroxyl and carboxylic
groups of graphene oxide [38,39]. As expected, the GO layer deposited
reduced the pore size of the virgin CS surface. In addition to the visual
inspection of the FESEM images, ImageJ software was used to analyze
the surface pores of CS and CSGoM-1. Compared to the CS, it is found
that the pore size of the CSGoM-1 is significantly lowered, where more
than 80% of the pores being around 25 nm, in the range of transition
from ultra to nanofiltration.

The cross-sectional images of both CS and CSGoM-1 (Fig. 5(c—d))
revealed a clear disparity between the support and the membrane. The
bottom part in both cases is the titanium oxide layer. There are then two
more layers of zirconium oxide above the titanium oxide layer: the
smaller active porous layer and the intermediate porous layer.

However, another layer is clearly visible in the CSGoM-1, which
corresponds to the synthesized graphene oxide membrane. This
configuration is in line with that found by Octavia et al. [40], who
demonstrated the fabrication of a uniform GO-Zirconia composite
membrane. The 1.55 pm thick GO layer is firmly adhered to the ceramic
support, indicating the success of CSGoM-1 preparation using the
vacuum-assisted method.

Table 1 lists the GO content and elementary composition of CSGoM
synthesized with various concentrations of GO solution. As expected, the
GO content (0.8 to 3.9 mg) of the top layer of CSGoM increases in
proportion to the initial solution concentration of membrane precursors.
The FESEM-EDX analysis of the GO membrane provided more detailed
information about this layer composition. As expected, the results show
that CS is made of ZrO, and TiO,, although the content of zirconia is
higher than titania as the analysis rather falls upon the upper layer of the
virgin layer, described as a selective zirconia band. In turn, the CSGoM
have a carbon-rich layer on top (13.7 to 66.8 wt% of carbon) together
with ZrO5 and TiO,. The amount of carbon content is greater when
increasing the concentration of exfoliated GO solution during coating
and, subsequently, the relative content of ZrO; and TiOs is decreased.
Obviously, the data is in accordance with the fact that the incident beam
energy (5 keV) for all measurements penetrated a given depth through
the CSGoM surface. Thus, the thicker GO layer on the membrane surface
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Fig. 5. FESEM micrographs on the surface of a) CS and b) CSGoM-1, and the cross section of ¢) CS and d) CSGoM-1 (deposited GO amounts: 2.6 mg).

Table 1
Surface analysis of the CS and CSGoM.
GO content C (0] Ti Zr
(mg) (Wt%)
Cs n.d. n.d. 44.0 22.2 33.8
CSGoM-0.5 (0.5 mg-mL™") 0.8 13.7 42.2 17.0 27.1
CSGoM-1 (1 mg-mL ™) 2.6 49.4 37.0 3.1 10.5
CSGoM-2 (2 mg-mL ™) 3.3 61.3 35.9 n.d. 2.8
CSGoM-4 (4 mg-mL™") 3.9 66.8 33.1 n.d. 0.1

allows passing a shorter distance, and therefore the analysis was able to
quantify fewer elements deeper inside the membrane composite.
Furthermore, as the concentration of the precursor solution rises, more
GO particles begin to penetrate the GO-ZrOy composite layer, which

2)

means deposited deep inside the ceramic support. As a result, the pre-
cursor concentration increases from 2 to 4 mg-mL~! had almost no
significant changes in the carbon content measured on the membrane
surface.

The multilayer 3D topography, height, and current profile of CSGoM-
1 were investigated by using AFM (at a random area of 500 x 500 nm?)
and CSAFM (current sensing atomic force microscopy); the data is
shown in Fig. 6(a-b). The mean roughness and root mean square (RMS)
roughness analysis of the membrane surface yielded 7.5 and 9.4 nm,
respectively. According to a rough estimate based on AFM imaging with
SPIP™ software, most of the pores in CSGoM-1 were in the 17-33 nm
range, which compares well with estimates made by FESEM.

The CSAFM images also provide the current distribution profile of
the CSGoM-1 membrane (Fig. 6b). The results demonstrate the local
conductance on graphene oxide surfaces, which should enhance the rate
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Fig. 6. AFM images of CSGoM-1 a) 3D Topography b) current distribution.
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of biodegradation through the electron shuttle mechanism [41].

3.2. Impact of the GO layer on flux resistance

A set of tests were conducted to investigate the effect of depositing
different amounts of membrane precursor (produced by varying the
concentration of GO solution) on filtration characteristics represented
by membrane flux, and the derived parameters pure water permeability
(PWP) and hydraulic resistance (Hg). As expected, the membrane
without GO, CS, showed the highest flux, 62.3 L-m~2hL. The pure
water flux of the ceramic support (ZrO,-TiO, based ultrafiltration flat
membrane) is mainly influenced by the membrane properties such as
thickness, homogeneity, and porosity. Additional single or multilayer
GO was formed over the ceramic support in CSGoM, resulting in an
increment of hydraulic resistance. Moreover, the GO particles reduce the
pore size of the ceramic support. Thus, a membrane without the GO
always possessed the highest water flux. Similar results are shown in
Fig. 7, where the flux decreased linearly with increasing GO thickness,
which correlates with the increasing precursor concentration for CSGoM
preparation (0.5, 1 and 2 mg-mL ™! GO). The lowest pure water flux (4.1
L-m~2h~1) was observed for the membrane made of 2 mg~mL_1 of GO
solution (CSGoM-2). In comparison to CS, the pure water flux for
CSGoM-0.5, CSGoM-1, CSGoM-2 dropped 63%, 83%, and 93%, respec-
tively. Giménez et al. [23] also found strong flux drops, 47% and 77%,
for GO membranes prepared from 0.05 and 0.5 mg-mL~! of GO over a
0.04 pm pore size ceramic support. The derived PWP follows these
trends, so CS exhibits maximum permeance (77.8 L-m 2h lbar ) and
it then decreases up to 5.1 L-m~2h Lbar ! for CSGoM-2 (Fig. 7).

From the permeances given in Fig. 7, the total resistance of the CS
and CSGoM were estimated, and the specific contribution of the GO
layer was calculated considering the ceramic support resistance to be
constant in the membranes containing GO. The hydraulic resistance of
the ceramic support was estimated to be as 5.2 + 0.1 - 102 m~L. It has
been noted that GO load during preparation of graphene oxide mem-
branes has a significant impact on permeate flux, thus in the hydraulic
resistance. Since permeate flux and hydraulic resistance are inter-
connected functions, higher graphene oxide content membrane must
result in more resistance. During fabrication, the ceramic support pores
(GO-ZrO, region) were first entirely filled and then formed on top the
GO multilayer. It was also observed that the thickness of the deposited
GO layer grew as the GO concentration was increased, which in turn
decreased the membrane flux [42,43] and increased the hydraulic
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Fig. 7. Variation of pure water flux and pure water permeability of CS and
CSGoM at 25 °C. (PWP in L-m 2h '.bar™ ).
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resistance. Hence, the CSGoM resistances increased from 1.51 &+ 0.04 -
10 m™! t0 8.64 + 0.13 - 10*> m ™ as the concentration of GO solution
during coating increased from 0.5 to 2 mg-mL . Therefore, the CS gives
less than one third of the total resistance in CSGoM. Further increase of
GO concentration up to 4 mg-mL‘1 in CSGoM-4 preparation made the
membrane essentially impermeable due to the formation of a very thick,
dense, and nonporous GO layer on the membrane surface that prevents
water molecules from passing across [44,45].

On the other hand, a low concentration of GO solution (<0.5
mg-mL’l) failed to form a uniform, stable GO-Ceramic membrane
because of lack of carbon content and non-homogeneous layer formation
on the membrane surface. Lou et al. [46] found that a membrane pre-
pared from 0.05, 0.10, and 0.5 mg-mL™' GO solution was not good
enough for practical application. Moreover, in a membrane prepared
with a high GO concentration (>4 mg-mL™1), the GO layer can peel up
easily after swelling and detached from the surface. Therefore, it is
inferred that the CSGoM preparation technique must meet two critical
requirements. GO load must be suitable to create a homogeneous and
tightly bound GO layer and permeate flux should be at the desired level.
In this study, it was found that the CSGoM-1, with an estimated 1.55 pm
GO layer thickness showed a permeability of 13.8 L-m~2h~!-barL. This
was comparable to other attempts available in the literature such as a
polyacrylonitrile nanofibrous mat supported (8.2 L-m~2-h~!.bar 1) and
an electrospray nanofiltration (11.3 L-m~2h 'bar"!) GO membrane
[47]. Even though the carbon wall or channel is hydrophobic in nature,
the slip flow theory indicates that it can assist in transporting the liquid
between the GO layers [42]. As per this principle, the water molecules
first proceed to the hydrophilic edges and defects of the GO layer, which
act as a gate for water flow. The liquids are usually deposited in those
gates and then slip through the hydrophobic nanochannel. As a result,
graphene oxide membrane displays acceptable permeate flux despite
having a thicker layer. Based on these facts, 0.5 and 1 mg-mL~! of GO
solution appears to be the optimum concentration for forming the
membranes properly, combining enough flux and robustness needed for
the wastewater treatment process.

3.3. Role of the graphene oxide layer on anaerobic biodecolorization of
azo dyes

The capability of the graphene oxide membrane for anaerobic azo
dye decolorization was checked out, with and without the formation of
biofilm. Four different reactor combinations were used: mixed microbial
consortium on CS (B-CS), mixed microbial consortium on CSGoM (B-
CSGoM), no microbial consortium on CS (R-CS), and no microbial con-
sortium on CSGoM (R-CSGoM). In all cases, initially, 50 mg-L™! feed
solution of AO7 was used as it falls within the typical range (10 to 50
mg-L™!) of dye concentrations in real textile effluents [48]. In all the
cases, a constant flux of 0.05 L-m~2h~! was maintained in a dead-end
filtration mode. Furthermore, two graphene oxide membranes pro-
duced from 0.5 and 1 mg-mL ! of GO solution (CSGoM-0.5 and CSGoM-
1) were used to investigate the impact of graphene oxide content on the
decolorization process. As above commented, the thickness of the GO
layer on the membrane surface is easily adjusted by changing the pre-
cursor concentration. Since the membrane flux is dependent on the
thickness of the deposited graphene oxide layer (resistance) of the
CSGoM, transmembrane pressure from 0.5 to 2.0 bar was adjusted in the
experiments to maintain a constant flow irrespective of the different
membrane thicknesses. Fig. 8 includes the removal evolution for all the
cases during a period of 10 days, since the start until a steady operation
was reached. Overall, the results confirmed that the presence of the GO
layer had a significant effect on the decolorization of AO7. The color
removal attained was larger at the highest GO load (B-CSGoM-1 con-
sisting of the membrane made of 1 mg-mL~! of GO solution), giving a
decolorization of 99%.

All the reactors apparently showed a good efficiency during the first
12 h as they decolorized more than 75% of the azo dye solution.
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Fig. 8. Decolorization of AO7 in CS and CSGoM reactors; CS and CSGoM bio-
reactors; Flux = 0.05 L-m 2h~!, AO7 concentration in feed solution = 50
mgL~! and T = 37 °C. (For interpretation of the references to color in this
figure, the reader is referred to the web version of this article.)

Actually, this initial decolorization was basically due to the adsorption
of the dye on the membrane surfaces, so it is not a true removal. Once the
membrane became saturated, the color removal efficiency dropped
suddenly, except for B-CSGoM-1, stabilizing rapidly around a mostly
steady value. The B-CS and R-CS completely lost any decolorization
ability after two days. In the case of R-CS, once saturated the membrane
material, the only possible mechanism to remove dyes could be the
membrane retention, which fails since the pore size of the support
element (UF range) is too high in comparison to the dye dimensions (NF
range). Although B-CS was operated with the mixed microbial con-
sortium, the desired biodecolorization did not occur because of the
probable absence of an active biofilm or even microorganisms on the
ceramic support, which can probably be ascribed to the fact that the
permeate flow washed out the bacteria before forming a biofilm because
of their size relatively smaller than the support pores. After four days of
operation, the decolorization rate stabilized at approximately 22% for R-
CSGoM-1 and 10% after six days with R-CSGoM-0.5. In this case, the
membranes are partially able to retain the dye due to the nano-sized
pores of the CSGoM surface created after GO layer formation. There-
fore, this limited capacity of dye removal can essentially be attributed to
molecular sieving mechanism.

Only for B-CSGoMs (blue and brown circles in Fig. 8), there was a
true biodegradation of the dye. The highest decolorization (98%) was
observed for the B-CSGoM-1 prepared with a concentration of 1
mg-mL ™! of GO, whereas only 51% of color removal was observed using
B-CSGoM-0.5 made from 0.5 mg-mL~} GO. Only dye decomposition
caused by the anaerobic action of the microorganisms can account for
the high level of decolorization observed in this study. However, a great
difference is observed between the performance of the B-CSGoM-1 and
B-CSGoM-0.5, where the load of GO seems to favor the bio-
decomposition. To form an efficient biofilm or anaerobic membrane
scaffold, microorganisms must be selectively attached to the graphene
oxide surface. The essence of the microbial activity and the consistency
of the GO layer have a direct impact on adhesion performance. Thus, the
improved performance in B-CSGoMs was due to the concurrent occur-
rence of physical sieving and anaerobic biodegradation. As in previous
studies using ceramic-supported carbon-based membrane bioreactors
[22], the GO layer of B-CSGoM also played a triple role in the anaerobic
decolorization of azo dyes since it performs as a pollutant immobilizer,
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support for the biofilm, and electron transporter. Graphene-oxide
membranes are more conductive than Matrimid-based carbon mem-
branes [22], thus contributing to a faster electron shuttle mediator
mechanism. Moreover, the surface of the nanoporous graphene oxide
membrane improves the microbial metabolism and retains the degra-
dation products, which globally enhances the decolorization perfor-
mance [49].

Compared with previous studies (the upflow packed-bed reactor
filled with biological activated carbon) with a similar objective [50], the
B-CSGoM-1 was also stabilized in a shorter retention time to achieve the
almost complete (99%) decolorization of AO7. On the other hand, our
configuration shows better performance if compared to other attempts
based on GO. Shital et al. [51] assessed AO7 removal by adsorption with
reduced graphene oxide (RGO), combined RGO-Photolysis, RGO-
Oxidation with Hy0,, and RGO-Oxidation with photo radiation process,
and found 10% removal by RGO alone and a maximum of 80% by
combined RGO-Oxidation with UV-radiation.

Since GO plays a critical role in this process, it was expected that its
load in the GO layer impact someway on the dye removal. For instance,
in an oxidation process, Lee et al. [52] investigated GO load and
discovered that the increase of the load improved the dye removal ef-
ficiency. As previously noted, FESEM-EDX measurements (Table 1)
confirmed the increase of the GO concentration in the precursor solution
from 0.5 to 1 mg-mL ! improves the GO content of CSGoM from 0.8 to
2.6 mg. This latter higher load creates a membrane with smaller pore
size responsible of dye adsorption and biofilm immobilization, there-
fore, both enhanced [53]. Moreover, the carbon-rich CSGoM enhances
the redox mediator role due to the greater availability of sites with redox
properties, which also contributes to improve the biodegradation per-
formance. Fig. 8 corroborates this trend, as raise of carbon content from
13.7% to 49.4% on CSGoM-1 almost doubled the decolorization (from
51 to 98%). Further application of a CSGoM-2 and CSGoM-4, as com-
mented above, gave a less or non-permeable membrane, so the CSGoM-1
was taken as the most favorable balance between flux and
decolorization.

3.4. Effect of flux and feed concentration on azo dye decolorization

The effect of feed concentration and permeate flux on the decolor-
ization process of B-CSGoM-1 was evaluated by varying AO7 concen-
trations (50, 75, and 100 mg-L’l) and permeate fluxes (0.05, 0.075, and
0.10 L-m~2h™1). All experiments were conducted for 30 days contin-
uous operation, with a flow of 0.05 L-m~2-h~! within the first 10 days,
0.075 L-m~2-h ! for the second 10 days, and finally at 0.10 L-m~2h !
until the end. The transmembrane pressure (TMP) was adjusted when
needed to keep a constant permeate flux. Though slight, accumulated
membrane fouling during the process would lower the permeate flux if
not corrected. Fig. 9 depicts the change in AO7 decolorization for the
three feed concentrations tested during the three periods of different
permeate flux. As can be seen, irrespective of the conditions, the
decolorization reached over 90% although the expected trends for feed
concentration and permeate flux were observed. B-CSGoM-1 with a feed
concentration of 50 mg-L™! and a permeate flux of 0.05 L-m 2h~!
achieved the maximum AO7 removal, 99%. At a higher permeate flux
(0.10 L-m~%h™1), the decolorization slightly decreased to 97%, 95%,
and 93%, at the AO7 feed solution concentrations of 50, 75, and 100
mg-L ™! respectively. Along with Fig. 9, Table 2 illustrates the amount of
dye removed and the percentage of decolorization during the B-CSGoM-
1 process. It is worth noting that when the feed concentration and
permeate flux increase, decolorization usually reduces but the amount of
decolorized dye is progressively growing. In this experiment, a
maximum equivalent consumption of 9.3 mg-m~2-h~! was obtained for
100 mg-L~! AO7 at a 0.10 L-m~2h ! flux.

Color removal was thoroughly stable at the low flux-region, with no
significant differences observed for the three different feed concentra-
tions. The low permeate flow allowed the dye molecules to interact with
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Fig. 9. Influence of feed concentration and permeate flux on anaerobic
decolorization of AO7 using B-CSGoM-1.

Table 2
Summary of the decolorization and dye removal in B-CSGoM-1 tests.

Decolorization Dye removal rate
(%) (mg-m~>h~")
Flux (L'm=>-h-") 0.05 0.075 0.10 0.05 0.075 0.10

Concentration (mg-L-")

50 99 98 97 2.5 3.7 4.7
75 98 97 95 3.7 5.4 72
100 97 95 93 4.9 7.1 9.3

bacteria enough time to reach large biodegradation [54]. After 30 days
of operation, even increasing permeate flux, the B-CSGoM-1 gave
around 99% of azo dye decolorization for the 50 mg-L ™! feed solution.
Increasing the flux, even the falling decolorization percentage, the ab-
solute amount of AO7 removal by the B-CSGoM-1 increased from 2.5 to
4.7 mgm 2h~l. These decolorization and dye removal findings
concluded that the amount of biomass was sufficient to assure almost
complete biodegradation of the dye. Anyway, even when the AO7 feed
concentration and permeate flux doubled, the microorganisms were able
to attain high levels of decolorization. Thus, the decolorization for 75
and 100 mg-L ! feed solution at 0.075 and 0.10 L-m™~2h ! flux was only
reduced to 98-95% and 97-93%, respectively. Simultaneously, the Total
Organic Carbon (TOC) and Chemical Oxygen Demand (COD) of each dye
solution were reduced by more than 85% and 95%, respectively, in all
conditions. The effluent properties achieved by B-CSGOM-1 were highly
suitable for environmental emissions (details are given in Table A).
Besides, these conditions furnish more absolute dye removal, which
reach 7.1 and 9.3 mg-m~2h~! for 75 and 100 mg-L ™" feed solutions,
respectively. The results were much better than those obtained using
conventional discontinuous biological systems at several AO7 concen-
trations [50,55,56]. In a similar reactor configuration and operations
conditions using carbon-based membranes instead of GO [22], the
decolorization attained was 58%, 45%, and 36% for 50, 75, and 100
mg-L~! of AO7 solutions, respectively, while over 93% removal was
achieved using the present B-CSGoM-1 in the ranges tested. This sug-
gests that the GO plays a dominant role during the dye biodegradation,
being much more efficient than carbon-based membrane made using
Matrimid 5218 as a precursor [22]. Probably the potential of GO as a
redox mediator enhanced the transfer of electrons to the azo bond of the
dye molecule, leading to easier cleavage of the azo bond [57]. However,
regardless of the color removal, this compact bioreactor unit is more
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compatible with higher feed concentration and permeate flux to remove
the amount of azo dye as the microorganisms of the B-CSGoM-1 is highly
capable of coping with the growing dye loads. Consequently, it might be
more productive to operate the B-CSGoM-1 at a greater permeate flux.

3.5. Comparative decolorization of azo dyes

A comparative biodecolorization of three structurally different azo
dyes (mono azo AO7, diazo RB5, and triazo DB71) were investigated in
the anaerobic B-CSGoM-1s under various permeate fluxes and feed
concentrations. The extent of decolorization of azo dye solutions varied
depending on the number of azo bonds present in the dye structure.
Fig. 10(a—c) illustrates this fact. In general, for the three azo dyes, the
decolorization declined as feed concentration and permeate fluxes
increased. As expected, for all experimental conditions, mono azo AO7
dye reported the highest color removal (99-93%), which was signifi-
cantly higher than for diazo (96-85%) and triazo (92-81%) dyes.
Franciscon et al. [58] previously demonstrated that the monoazo dye
removal was faster and more efficient than diazo and triazo using a
sequential microaerophilic-aerobic treatment with Klebsiella sp. strain
VN-3. Anyway, the absolute quantity of dye removal for all azo dyes as
well progresses with increasing feed concentration or permeate flux,
although it reduces when raising the number of azo bonds and AO7
hence exhibits the highest dye removal of 9.3 mg-m_z-h_1 while DB71
the lowest 8.1 mg-m~2h~%.

It must be considered that the contact time (directly related to the
permeate flux) can affect the removal capacity, which is also varied
depending on dye properties and microorganism behavior against each
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Fig. 10. Anaerobic decolorization of AO7, RB5, and DB71 dyes at various
concentrations and fluxes; a) 50 mg-L~", b) 75 mg-L ™" and c) 100 mg-L ™! dye
solution at 37 °C.
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specific dye [59]. In B-CSGoM-1, as when increasing feed concentration,
a higher permeate flux adds additional dye load with more chromo-
phores and auxochromes content in the decolorization process. Addi-
tionally, the high flux minimizes biomass retention time within the
bioreactor, thereby declining microbial biodecolorization [60,61]. As a
result, under high feed concentration (100 mg-L™}), changing permeate
flux from 0.05 to 0.075 L-m~2h~! and finally to 0.10 L-m~2h~1, the
decolorization reduced to 93% for AO7, 85% for RB5, and 81% for
DB71. The corresponding dye removal for AO7, RB5, and DB71 was
calculated to be 9.3, 8.5, and 8.07 mg-m~2-h !, respectively.

Under identical operating conditions, the structural properties and
nature of the azo dyes, for example, meta, ortho, and para position of the
electron-withdrawing groups (—NOj, —C=N, —SOsH, —SO,NH3) to
azo bond, presence of electron-releasing groups (—OH, —R, —NH>) and
other functional groups (—CHs, O—CHjs), the number of azo bonds and
high molecular weight of the dye molecules have been reported to cause
variations in decolorization rate [62-64]. Increase of both permeate flux
and feed dye concentration, brought more reactive groups into the
anaerobic bioreactor. It has been reported that an excess amount of
—SO03H groups in the azo dye structure readily reduced microbial
growth [65]. In addition, a rise of toxicity in the degradation process led
to inadequate biomass to dye ratio and spoiled the active sites of the
biofilm. Consequently, microbial biomass yield at higher feed concen-
tration probably remains lower due to excess dye toxicity to microor-
ganisms. Compatible trends can be seen in Fig. 10(a—c), in which the
percentage of decolorization of AO7 declines as the initial feed con-
centration or permeate flux increases. Anyway, it has been proved that
the bioreactor configuration here introduced successfully decolorized
the various azo dyes tested, in line with results reported elsewhere
[22,66].

3.6. Microbial community analysis

Since the active biofilm evolved from conventional secondary sludge
taken from a municipal WWTP after an acclimation period, it is inter-
esting to elucidate which type of microorganism remained prevalent for
the dye biodegradation. Therefore, FESEM analysis was applied to
measure the presence of microorganisms in the B-CSGoM biofilm after
the DB71 biodegradation. Fig. 11(a-b) displays the surface and cross-
sectional view of the biofilm formed over the GO layer. On the biofilm
surface, significant quantities of microorganisms with an average size of
1.51 pm were detected. Cross-section analysis revealed a biofilm
thickness of about 1.83 pm over the GO membrane (Fig. 11c).

The biofilm specimen of distinct B-CSGoM-1 bioreactors was used to
extract the DNA of bacteria. Three DNA samples were collected from the
CSGoM-1 bioreactors operated with 50, 75, and 100 mg-L™! of DB71
solutions and were then compared with the original anaerobic sludge
(inoculum). DNA Illumina sequencing was used to examine the micro-
bial populations of bacteria, archaea, viruses, and single-celled eu-
karyotes in these four samples. The sequencing run produced 32.8
million reads that reduce to 30.6 million reads after quality filtering.
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Although raw anaerobic sludge contained both bacteria and archaea, no
archaea were found after bioreactor operation. Fig. 12 depicts the
schematic bar diagram and comparison of bacterial phyla for the four
samples.

According to species richness, chaol indexes show that anaerobic
sludge (15.24) was the most diverse, and B-CSGoM-1 with 50 mg-L’1
DB71 (7.54) was less. Overall, among the 53 bacterial taxonomic units
(OTUs), the species Pseudomonas guangdongensis was the most prevalent
in all samples, while Geobacter sulfurreducens was abundant in all bio-
films but not in the initial anaerobic sludge. In all cases, bacterial growth
solely depended on the concentration of feed solution. For example, the
presence of a significant number of Geobacter sulfurreducens (35%) was
observed in the biofilm that treated 100 mg-L~! DB71 solution, and the
lowest (7%) was found for 50 mg-L_l of DB71 solution. Similarly,
presence of Pseudomonas guangdongensis in biofilm was enhanced
increasing inflow dye concentration, but the highest was still in the
original anaerobic sludge. The results revealed that activities of both
Geobacter sulfurreducens and Pseudomonas guangdongensis were increased
with increasing dye concentration.

Several studies have proven the role of Geobacter sulfurreducens in the
anaerobic biodegradation of azo dye solution [67,68]. Moreover, the
extracellular electron transfer capability of Geobacter sulfurreducens and
Geobacter soli might enable them to play an important role during the
biodecolorization process [69]. In addition, Geobacter anodireducens,
which were present in B-CSGoM-1, can exchange more electrons and
more rapidly than Geobacter sulfurreducens and Geobacter soli [70].
Higher content of these bacteria in B-CSGoM-1 operated with 50 mg-L ™!
of DB71 could contribute to get a more stable and better decolorization
performance (as shown in Fig. 10a). Nevertheless, other bacterial spe-
cies such as Stenotrophomonas acidaminiphila [71], Pseudomonas guang-
dongensis [72], Cupriavidus metallidurans [73] were known as a potential
decolorizing organism. All they were significantly present in B-CSGoM
biofilm and probably took part in the decolorization.

4. Conclusions

To the best of our knowledge, this is the first time that a dead-end
membrane filtration element with a ceramic-supported graphene oxide
layer has been used for anaerobic azo dye decolorization. Different
concentrations of GO solution were examined to investigate their for-
mation of CSGoM and subsequent performance over the anaerobic
biodecolorization process. Due to the suitable membrane permeability,
resistance, and maximum decolorization during the azo dye removal
process, CSGoM-1 made from 1 mg-mL~! GO solution was identified as
the optimal for this integrated compact bioreactor that provides a novel,
robust, and effective color removal process.

The conductive surface of the GO membrane enhances faster electron
transfer in B-CSGoM if compared to other carbon-based processes re-
ported. In all operating conditions, the dye removal performance for
monoazo AO7 was stable and higher than for RB5 and DB71. High
decolorization rates of structurally distinct azo dyes (99% for AO7, 96%

Fig. 11. Micrograph of FESEM images of biofilm sample after biodecolorization of azo dyes. a) Biofilm surface b) size of the microorganism c) biofilm thickness.
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for RB5, and 92% for DB71) were achieved at the lowest permeate flux
(0.05 L-m~%h™!) and feed concentration (50 mg~L’1).

The microbial community found in the B-CSGoM-1 mainly contained
anaerobic Geobacter (Soli, Anodireducens, Sulfurreducens) and Pseudo-
monas guangdongensis; all are recognized to be able to decolorize azo
dyes in anaerobic conditions.
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Appendix A. The properties of feed and permeate quality
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The typical properties of the dye-containing feed solution and treated effluent quality are listed in Table A.

Table A
Water quality of the feed and treated effluent.
Dye Concentration TOC™? cop™”
Feed Effluent Feed Effluent
AO7 50 86.8 6.4 310 10
75 96.9 7.9 340 8
100 102.4 7.8 410 9
RB5 50 56.3 12.2 220 7
75 70.2 10.3 259 8
100 88.6 14.3 319 7
DB71 50 53.42 8.6 208 12
75 83.3 13.4 296 13
100 110.5 5.7 382 13

2 Unit of the concentration, TOC and COD are in (mg~mL’1).

b The TOC and COD measurements were analyzed by Lovibond testing kit vials Vario 420761 and Vario 2420710 respectively.
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